INTRODUCTION
Worldwide increasing pressure on the marine environment, due to development of new technologies such as offshore renewable energy, and the conflicting interests that occasionally result, requires integrated and ecosystem-based management. An ecosystem approach to management promotes the integrated management of human uses while maintaining ecosystem goods and services (Leslie & McLeod 2007 , Ruckelshaus et al. 2008 ), but must address interactions between a range of human activities which vary in their intensity, footprint (Eastwood et al. 2007 ) and impact on the marine environment (Crain et al. 2008) . One tool that supports such an ecosystem approach to management is marine spatial planning (Douvere 2008) . Thus, an understanding of the risk of cumulative impacts of numerous activities is crucial for the development of a marine spatial plan.
In general, determining the impact of a human activity on an ecosystem component requires both a method for translating human activities into ecosystem-specific pressures, and a measure of sensitivity of ecosystem components to those pressures. Human activities have already been grouped by the type of pressure, such as contamination, abrasion, extraction, that they exert on ABSTRACT: Worldwide increasing pressure on the marine environment requires integrated and ecosystem-based management, and a sound understanding of cumulative impacts of human pressure. As yet, the quantification of risk of cumulative impact remains a difficult task in practice. We developed a geospatial modelling framework to group data on the spatial distribution and intensity of human activities by generic pressure. The impact of those pressures was mapped by accounting for the sensitivity of UK marine landscapes to those pressures. With the help of GIS-based multi-criteria analysis, we developed 4 different scenarios to quantify risk of cumulative impacts that accounted for different importance of ranked pressures (equal, linear and logistic decrease), including a simulated expert consultation. Finally, we assessed the sensitivity of the scenario outcomes to changes to input parameters and compared model outcomes. The risk assessment framework exposed both a wide range of possible modelled scenarios and uncertainties, but all scenarios revealed similar locations with an increased risk of cumulative impacts. Results showed that the logistic weighting scheme was very sensitive to changes in the importance and ranking of pressures in comparison to the linear weighting scheme. For marine planning the use of a weighting scheme with more constrained values should be used in conjunction with a sensitivity analysis to determine the order of input parameters. Once a more comprehensive geodatabase becomes available our standardised framework can be applied to support both the development of sustainable marine plans in practise and the prioritisation of different uses.
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Resale or republication not permitted without written consent of the publisher ecosystem components (Eastwood et al. 2007 ). Following Zacharias & Gregr (2005) , we define the impact of a pressure on an ecosystem component as a function of the spatial footprint and intensity of a pressure, and a measure of the degree to which an ecosystem component responds to a pressure (sensitivity).
The risk of an impact at a certain spatial location is therefore a function of a measure of intensity of human activities causing the same generic pressure and the sensitivity of the ecosystem component to this generic pressure. However, an ecosystem approach to marine management that makes use of marine spatial planning needs to consider cumulative and interactive impacts of several human activities (Evans & Klinger 2008 , Halpern et al. 2008a . Cumulative impacts can be described as the combined impact of multiple pressures over space and time (MacDonald 2000) .
The risk and consequences of cumulative impacts on ecosystems due to the presence of multiple pressures are discussed in a number of theoretical and practical ecological studies (Folt et al. 1999 , Folke et al. 2004 , Vinebrooke et al. 2004 , Christensen et al. 2006 , Halpern et al. 2008b ). The quantification of cumulative impacts still remains a difficult task for applied ecology and conservation science (see Darling & Côté 2008 and references therein) . If multiple pressures act independently within a system, cumulative impacts may be modelled as the additive accumulation of impacts of individual pressures (Halpern et al. 2007 , 2008a , Ban & Alder 2008 . However, a common ecological paradigm is that multiple pressures can act in synergy (Folt et al. 1999 , Folke et al. 2004 , Christensen et al. 2006 , Crain et al. 2008 . Synergistic effects occur when the combined impact of several pressures is greater than the algebraic sum of the impacts of the individual pressures. In contrast, antagonistic effects occur when the combined impact of multiple pressures is less than the sum of the individual impacts of the pressures (Folt et al. 1999) . Recent studies exploring the nature of interaction of multiple pressures show that cumulative impacts are additive (i.e. are summed) for pairs of pressures (Crain et al. 2008) and that synergistic effects are generally more common than additive ones (Darling & Côté 2008) . This highlights the need to evaluate the complexity and range of uncertainty in assessing cumulative impacts of human pressures, especially for the development of sustainable marine spatial plans.
Recent advances in the quantification of risks of cumulative impacts in marine systems have been demonstrated by Halpern et al. (2007 Halpern et al. ( , 2008b . They combined the spatial information on the occurrences and intensity of human activities with a measure of sensitivity of various ecosystem components to the activities and assumed additive cumulative impacts.
Inspired by their work, we developed a geospatial modelling framework which assesses a range of models that quantify the risk of cumulative impacts on UK marine habitats by altering the importance of single pressures that lead to numerical results other than addition of single pressures. Moreover, our framework enables the evaluation of both the uncertainty at different stages of the assessment and the sensitivity to respective model parameters.
Multi-criteria analysis (MCA) is a decision-making tool that allows for comparative assessment of alternative scenarios. It generates a set of alternative outcomes based on multiple criteria, where the outputs are quantified indicators of the extent to which different objectives are realised (Malczewski 1999) . The set of alternative outcomes can then be evaluated, but the final decision will be taken by the decision maker. The integration of MCA in Geographical Information System (GIS), i.e. a spatially explicit MCA, is a major contribution to the development of tools for integrated management (Jiang & Eastman 2000 , Malczewski 2006 ). In the marine environment, GIS-MCA has been employed to aid zoning within marine protected areas (Villa et al. 2002) , across national borders (Portman 2007) and in coastal areas (Kitsiou et al. 2002) . It has also been applied to identify candidate sites for protection based on multiple objectives (Wood & Dragicevic 2007) .
First, our algorithm combined standardised data describing locations and/or intensities of human activities (Eastwood et al. 2007 , Stelzenmüller et al. 2008 with a measure of the sensitivity of the UK marine landscapes (Connor et al. 2006) to the pressures of these activities. We then applied a weighting to these impact layers and combined them to model 4 scenarios quantifying the risk of cumulative impacts on the UK continental shelf. The computed cumulative impact scenarios assumed (1) equal importance of all pressures, (2) linear decrease of importance of subsequent pressures, (3) logistic decrease of importance of pressures, and (4) ranking of importance of pressures by simulating an expert consultation. We were also able to assess the sensitivity of the outcomes of the analysis to changes in the input parameters. If a small change in the rank order of an input parameter leads to a large change in the results then the outcome is deemed to be sensitive to that parameter and may indicate a need for more accurate determination of the parameter, or of consideration of the alternative scenarios in the decision making process. We compared and interpreted the different models based on the definition of additive effects, and the final outcome in terms of potential synergistic and antagonistic effects of multiple impacts. The results and the use of our framework in marine planning is discussed.
METHODS

Study area and geospatial modelling framework.
Driven by the Marine Bill, the UK is currently developing an approach to marine planning that aims to support the achievement of high level objectives such as good environmental status (EU 2008) , and to integrate current activities as well as future uses. As planning boundaries are not yet defined, our study area covered the waters of the United Kingdom (England and Wales) (Fig. 1) , limited by the boundaries of the reporting areas (RAs) 1 to 5 (Defra 2005) used by the UK government for environmental status reporting. Within English and Welsh waters, Eastwood et al. (2007) identified demersal fishing as the most important human activity with respect to the spatial footprint and relative impact on the seabed. Next in importance was the installation of oil and gas infrastructure, such as wellheads, platforms, cables and pipelines, followed by aggregate extraction and wrecks.
The first step of our geospatial modelling framework comprised the mapping of the footprint and intensity of selected human activities for the study area in a GIS (ESRI ArcGIS v9.2), the grouping of activities by their generic pressures and the subsequent computation of pressure maps (Fig. 2) . In the next step, these generic pressure maps were transformed and standardised using fuzzy logic. We considered the UK marine landscapes as representative ecosystem components to test the model. For each landscape, a measure of sensitivity Table 2 to the respective pressure was produced. Thus, the combination of the measures of pressure and sensitivity enabled the computation of the respective impact layers. Afterwards, a GIS-MCA was used to construct 4 different scenarios to quantify the risk of cumulative impacts of human pressures. The final step of the framework was the evaluation of the robustness and sensitivity of the different scenario outcomes. In the following, we describe each step in more detail. Human pressures and fuzzy sets. We selected a suite of human activities for which geospatial data with a spatial and temporal coverage for the UK continental shelf were available (in the geographic coordinate system WGS84). Following the approach of Eastwood et al. (2007) and Stelzenmüller et al. (2008) , we mapped in a GIS the occurrence of human activities, considering where possible both their spatial footprint and intensity (see Table 1 for details). Following a recent study by Eastwood et al. (2007) , we grouped human activities by their generic pressure categories, which are also listed in the Marine Strategy Framework Directive (MSFD; EU 2008) (see Table 1 ). In the GIS, we merged activities exerting the same pressure on the marine environment into a single pressure layer. We superimposed a vector grid with a cell size of 0.05 by 0.1 degrees, which was a compromise between the spatial resolution of the data used and computation time at the scale of our study area. Then we reprojected geodata to an equal area reference system to produce in a following step a series of 6 pressure layers (abrasion, extraction, localised hydrocarbon contamination, obstruction, siltation and smothering) based on the proportion of a grid cell affected by the footprint and/or intensity of all the human activities exerting the same pressure (for abrasion and extraction, the average pressure per grid cell was calculated for the respective period of time considered; see detailed description in Table 1) .
Although all pressure maps were computed as a proportion of a grid cell impacted by a given pressure, different units, measures and levels of generalisation were evident in the data used to describe each human activity. As a result, they all possess a level of uncertainty. Thus, a standardisation of multiple raster layers (criterion layers) is required to maintain the validity of GIS-MCA outputs. Deterministic criteria are most frequently standardised by means of linear scale transformations, while issues relating to the uncertainty and imprecision of the underlying criterion layers can be addressed by fuzzy set theory and fuzzy logic (Burrough & McDonnell 1998 , Fisher 2000 , Malczewski 2004 ). The central concept of fuzzy set theory is the membership function (MF ), which numerically represents the degree to which a given measure of criteria (z) within a grid cell belongs to a fuzzy set. In other words, this membership function standardises each raster cell of the layer to a measure of the possibility of belonging to the entire set along a continuous scale of 0 to 1 (see detailed description in Burrough & McDonnell 1998) . To standardise each grid cell, we used an 
with a as the standard deviation and b as the 0.9 quartile of the respective log-transformed measure of a pressure.
Measures of sensitivity and impact. We adopted the marine landscape categories developed by Connor et al. (2006) for our study grid and distinguished between 20 landscape categories at the scale of the grid size used (Fig. 1) . Each raster cell was assigned to one marine landscape category. From an extensive literature review (Defra 2007) , we extracted information on sensitivity of a marine landscape to each human activity presented on an ordinate scale (no, low, medium and high). Then we converted this measure of sensitivity from an ordinate scale to a numeric measure for sensitivity (sensitivity score) 0 (no), 0.2 (low), 0.6 (medium) and 1 (high) ( Table 2 ). In cases where more than one human activity contributed to a pressure category, the average sensitivity across all relevant activities was calculated. This enabled us to compute for each raster cell the impact (I) of a given pressure:
with P i as the fuzzy standardised (0 to 1) measure of a pressure (i = 1, 2,…6) and SS as the sensitivity score (Defra 2007 ) of the landscape category j ( j = 1, 2,…20) for the given pressure P i . In total, we computed 6 impact layers for the UK and Welsh waters accounting for the 6 pressure categories. Quantification of cumulative impacts and scenario evaluation. We modelled 4 different scenarios to quantify the risk of cumulative impacts for the UK continental shelf. After constructing the impact layers, a weight was assigned to each layer reflecting its relative importance (from the user's perspective). The layers are then combined according to different decision rules (Boroushaki & Malczewski 2008) . The weighted linear combination is the decision rule most commonly used for a GIS-MCA and therefore, for all scenarios, we quantified the relative risk of cumulative impacts for each raster cell (RiskCI cell ) as (after Malczewski 1999) :
Human activity Geodata on human activities Pressure category
Fishing activity with The average fishing pressure as proportion of a grid cell fished (2001 to 2006) ABR a physical impact on derived from standardised VMS data was summarised for each grid cell the seabed (Eastwood et al. 2007 , Stelzenmüller et al. 2008 ).
Renewable energy
The area of polygons of currently (2008) licensed wind farm areas as proportion OBS, (licensed areas for of a gird cell impacted. SMO wind farm) Oil and gas Geodata on current (2008) oil and gas infrastructure were used and a buffer OBS, development (welldistance of 15 m was applied to oil and gas platforms and a buffer of 50 m to SMO, heads and platforms)
wellheads (see Eastwood et al. 2007 ). Thus the proportion of a grid cell impacted HCC by the activity was calculated. Cables Geodata on current (2008) cables were used and a buffer distance of 0.09 m OBS (Eastwood et al. 2007 ) was applied to calculate the proportion of a grid cell impacted. Pipelines Geodata on current (2008) pipelines were used and a buffer distance of 0.7 m was OBS, applied to pipelines as their diameter can vary between 0.76 and 1.37 m (Gerwick HCC & Gerwick 2007 
where I i are the impact layers and w j are the criterion weights, which are listed in Table 3 . In our framework, we constructed 4 scenarios (see Table 3 ): (1) equal importance of pressures (Scenario 1), (2) linear decrease of importance of pressures (Scenario 2), (3) logistic decrease of importance of pressures (Scenario 3) and (4) ranking of importance of pressures derived from a simulated expert consultation (Scenario 4). For Scenarios 2 and 3, we ranked pressures by their spatial extent (percentage of grid cells with a positive value for the pressure), assuming the greater the spatial extent of a pressure the lower the likelihood of a general recovery from the respective pressure. Thus, obstruction was ranked for Scenarios 2 and 3 as the most severe pressure and aggregate extraction as the least (see Table 3 ).
For the fourth scenario, we simulated a random pairwise comparison of the importance of pressures. A pairwise comparison is the basic measurement method in an analytical hierarchy process (AHP) (Saaty 1980) . AHP uses weighted overlays and is of particular importance for spatial decision problems with a large number of alternatives (Saaty 1980 , Boroushaki & Malczewski 2008 . Thus, the comparison of the relative importance of pairs of pressures by stakeholder consultation would generate a large number of alternatives. We ran 2 random simulations of stakeholder consultations with 25 (Scenario 4a) and 500 (Scenario 4b) iterations of pairwise comparisons of pressures using a reciprocal matrix and a scale of values from 1 to 9 reflecting the relative preferences for 2 pressure categories (e.g. 1 = equal importance, 3 = moderate importance, 5 = strong importance, 7 = very strong importance, 9 = extreme importance, 2, Table 2 . Sensitivity scores (SS) for the generic pressures (see Table 1 ) derived from an extensive literature review of impact of human activities on UK marine landscapes (Defra 2007) . We converted the measure of sensitivity from an ordinate scale to a numeric scale (no = 0, low = 0.2, medium = 0.6, high = 1.0) and merged the human activities by their general environmental impact and averaged the impact scores per landscape (see details in 'Methods') Table 3 . Relative weights of the criterion layers (impact layers) reflecting the importance of the respective pressure categories (see Table 1 ) for 4 different scenarios. Scenario 1 = equal weight, Scenario 2 = linear weight, Scenario 3 = logistic weights, Scenario 4a = simulated pairwise comparison with 25 iterations, Scenario 4b = simulated pairwise comparison with 500 iterations malising the eigenvector associated with the maximum eigenvalue of the respective pairwise comparison matrix. This provides a weighting derived from the priority vector of the matrix and reflects the relative importance of each criteria as compared to all other criteria (see a detailed description in e.g. Boroushaki & Malczewski 2008) . Scenario evaluation and comparison. We assessed the sensitivity of scenario results to variations in model input parameters and compared scenario outcomes with the help of explorative tools and GIS. First, to test the similarity of scenario outcomes, we plotted the raster values for each scenario against each other and calculated Pearson correlation coefficients. Then we conducted a sensitivity assessment of model input parameters by testing the influence of both single pressures and the relative ranking of the pressure categories on the scenario results. Hence, if a scenario result is sensitive to a change to the order of the pressures or the assigned weight, this indicates the need for a more accurate determination of the model parameters. Thus, we recalculated the scenarios by leaving out the most (obstruction; OBS) and least important pressure category (extraction; EXT). Subsequently, we used 6 sets of randomly assigned pressure categories in the weighting schemes of Scenarios 2 and 3 to assess different combinations of pressure category × weight on the quantification of cumulative impacts (Table 4) . With the help of cubic smoothing splines (Hastie & Tibshirani 1990) , we explored differences between the predictions made by the 6 random sets of pressure category × weight combinations and the prediction based on ranked pressures, respectively.
Although the concept of a weighted overlay is applied to all scenarios, the value for cumulative impact for any single raster cell will differ due to the various weighting schemes applied to the individual impact layers. We used the definition of cumulative impact as a result of additive (sum of individual impacts), synergistic (greater than the algebraic sum of individual impacts) and antagonistic (lower than the algebraic sum of individual impacts) interactions of multiple impacts to compare the model outputs (see Folt et al. 1999) . We treated our Scenario 1 (equal weighting of the pressures) as the reference scenario, which can be interpreted as the quantification of cumulative impacts using the sum of equally important individual impact layers (additive interaction). Thus, if for a given raster cell, a scenario (2, 3, 4a and 4b) predicted a value greater than the value of Scenario 1, the result for that raster cell is interpreted as an assumed synergistic effect. In contrast, if for a given raster cell a scenario predicted a value lower than the value of Scenario 1 the result for the raster cell is interpreted as an assumed antagonistic effect. In a GIS, we produced maps comparing the reference Scenario 1 to all other scenarios (Scenario 1 to Scenarios 2, 3, 4a and 4b).
RESULTS
Scenarios of risk of cumulative impact
The impact layer prepared using the abrasion data (ABR) (reflecting fishing activity with a physical impact on the seabed) and the habitat sensitivity scores are shown in Fig. 3 . An increased impact of abrasion can be found at 2 distinct areas off the south west coast of the UK. Off the northeast coast there was a medium level of impact due to the presence of more sensitive marine landscapes (Fig. 3) .
The different scenarios of cumulative impact (Fig. 4 ) showed generally consistent spatial patterns with an increased risk of cumulative impacts in the south east, north east and east of the study area. Scenario 3, using a logistic decrease in the importance of pressures, showed the greatest spatial deviation where the areas of increased risk off the east coast of the UK clearly differed in shape and extent from the areas predicted by Scenarios 1, 2, 4a and 4b.
Scenario evaluation
The pairwise correlations of the scenario raster values (Fig. 5) showed lower values of the Pearson correlation coefficient for Scenario 3 versus Scenario 4a (0.70) and Scenario 3 versus Scenario 1 (0.72). This underpins our visual observation of a clear spatial deviation of the Scenario 3 outcome from the other scenario results. As an example, the results of the sensitivity assessment are presented for Scenarios 2 and 3 in Fig. 6 . In general, we found a good agreement between the results of Scenario 2 (Fig. 4) and the recomputed Scenario 2 results where the most and least severe pressures have been left out (Fig 6) Table 4 . As an example, the 6 random allocations of the pressure categories (see Table 1 ) to weights of Scenario (sc) 2 are shown. The same random sets were assigned to the weights of Scenario 3 (see Fig. 7 ) observed an overlap of the spatial extent of the areas of increased risk between the maps, but absolute risk values differed locally. This suggests that Scenario 2 resulted in relatively robust quantifications of risk. In the case of Scenario 3, we found clear differences between the 2 modified Scenario 3 results (Fig. 6 ).
Where the OBS pressure was excluded, higher cumulative impact was predicted in areas to the south west. These areas of higher impact were not evident when the scenario was run with the EXT pressure excluded. This variation in Scenario 3 results suggested that Scenario 3 is more sensitive to the influence of single pressure categories.
To explore the effects of randomising the order of pressures in Scenarios 2 and 3, we fitted cubic smoothing splines to plots of raster values of the scenario with ranked pressures versus raster values from randomly ordered pressures (Fig. 7) . The cubic smoothing splines reflect the relative agreement between the raster values of the scenario with ordered pressures and the raster values for the set of 6 randomised pressure rankings. If randomising of the respective scenario had resulted in identical predictions then all splines would follow a straight line. In other words, the greater the deviation from this straight line the greater the differences in spatial estimations of the modified scenario computations. We observed that for Scenario 2 ( Fig. 7; left) , there was a relatively low level of variation between the different scenario modifications. In contrast, we found a great level of variation between the raster values of Scenario 3 with ordered pressures and the 6 randomly ranked pressures. The results clearly suggested that Scenario 3 is more sensitive to the pre-defined pressure category × weight combinations than Scenario 2.
Using the concept of additive, synergetic and antagonistic effects, we compared the outcome for all cells of Scenario 1 to the other scenarios (Fig. 8) . Scenarios 2 and 3 predicted higher values for cumulative impact than Scenario 1 for more than 60% of the study area. Although we found that Scenario 2 was less sensitive to changes in input parameters than Scenario 3, both outcomes suggest synergistic effects for the majority of the UK continental shelf. In contrast, Scenario 4a pro- Table 3 ) and the raster values of the 6 random sets of pressure category × weight combinations (see Table 4) duced lower values for cumulative impacts than those predicted by Scenario 1 for more than 50% of the area, thus suggesting antagonism. Interestingly, we found that values for cumulative impacts predicted by Scenario 4b differed clearly from Scenario 1 for most of the study area, although scenario weights approximated to those of Scenario 1 (see Table 3 ).
DISCUSSION
This study aimed to develop a standardised framework to quantify the risk of cumulative impacts of human pressures in UK (England and Wales) waters. We focused on the critical evaluation of this framework and the assessment of variability and uncertainty in 29 Fig. 8 . Maps indicating the differences between reference Scenario 1 assuming additive effects as cumulative impacts and Scenario 2 (top left), Scenario 3 (top right), Scenario 4a (bottom left) and Scenario 4b (bottom right). Based on the definitions of synergy (cumulative impact value greater than sum of individual impacts) and antagonism (cumulative impact value lower than sum of individual impacts) (Folt et al. 1999) , the differences to Scenario 1 outcomes were subjected to the respective categories (additive effects, synergistic effects, antagonistic effects) the modelling outputs rather than the development of precise marine planning scenarios. The output of any modelling framework depends strongly on the quality of the input data. Hence, our list of human activities and pressures is not a comprehensive one, lacking data at a suitable scale on many activities affecting inshore areas, such as inshore fishing (see Eastwood et al. 2007 , Stelzenmüller et al. 2008 , recreational angling, navigational dredging or nutrient loading. As a consequence, our approach underestimated the relative risk of cumulative impact for inshore areas for each scenario. The contribution of watersheds to marine pressures is neglected in the presented application of our framework as we did not include data from e.g. land-based pollution. The inclusion of those land-based activities having an impact on the marine environment is essential for a robust estimate of the risk of cumulative impacts, especially in inshore waters. Nevertheless, our framework could be applied at any spatial scale and adapted to different pressure categories when suitable data are available.
A measure of the sensitivity of ecosystem components to pressures from human activities is essential (Hope 2006 , Halpern et al. 2008a . We considered as an example the marine landscape categories as ecosystem components and converted respective measures of sensitivity from an ordinate scale to a numeric scale to derive sensitivity scores for each landscape category. Our algorithm computed impact on the landscape as a function of the intensity of a pressure and the measure of sensitivity. Consequently, an increased impact can be the result of either increased pressure intensity and a low level of sensitivity or a high level of sensitivity and a low pressure intensity.
Both measures introduced uncertainty into the modelling framework. We partly dealt with the uncertainty by using fuzzy logic to normalise the pressure layers, but some uncertainty remained due to the generalised measure of sensitivity. This uncertainty can only be quantified with the help of experimental studies with marine organisms to assess their sensitivity to the main pressures. This gap in experimental studies to quantify sensitivity or to ground-truth impact models was also recognised by Halpern et al. (2008b) . Moreover, in the context of national marine planning, where decisions on resource allocations will be taken, it is crucial to develop a standardised measure of sensitivity of a suite of ecosystem components to generic human pressures (see e.g. Stelzenmüller et al. 2009 ).
An ecosystem approach to management using marine planning (Douvere 2008) requires a sound assessment of combined or cumulative impacts of several human pressures (Rosenberg & McLeod 2005 , Leslie & McLeod 2007 , Halpern et al. 2008a ). This study aimed to contribute to the pressing questions on the quantification of cumulative impacts (Darling & Côté 2008) . In contrast to former studies (e.g. Ban & Alder 2008), our framework comprised not only the mapping of pressures and additive impacts, but also quantified cumulative impacts according to the relative importance of single pressures. We constructed 4 different scenarios to quantify cumulative impacts and assessed the variability and sensitivity of model outputs. We based the reasoning of the different weighting schemes on the theory of different models for cumulative impacts (Folt et al. 1999) . For instance, if pressures are applied consecutively to the marine landscapes rather than simultaneously, then the impact of the first pressure is likely to pre-condition the habitat to be less sensitive to the second pressure. Thus, the variability of the importance of individual impacts is reflected in our scenarios, allowing for a qualitative comparison of the model outputs. We applied the definitions of synergism and antagonism to compare Scenario 1 (assuming simple additive effects) with all other scenarios. This comparison is of importance when a potential user of this framework applies a scenario based on an alternative model. However, our framework did not model or describe the exact mechanisms of interactions leading to cumulative impacts. For instance a recent microcosm study indicated that pressures acting via similar mechanisms may result in additive effects, while those pressures that are dependent but act through different mechanisms result in synergistic effects (Mora et al. 2007 ). The development of models translating and extrapolating the mechanisms of synergistic or antagonistic interactions of pressures to large spatial scales remains for the future.
Our geospatial framework revealed a range of variability in the prediction of risk of cumulative impact that can be crucial at a local scale, such as in regional marine plans. For example, our scenario evaluation revealed that Scenario 3 with logistic criterion weights is more sensitive to the defined pressure × weight combinations than a linear weighting scheme and should therefore be used with caution unless the data clearly support the identification of one dominant pressure.
In general, we can conclude that the use of GIS-MCA, commonly deployed to assess decision alternatives (Malczewski 1999) , is a useful approach to derive different quantifications of risk of cumulative impacts in the context of marine planning. It enabled us to develop a spatial explicit risk framework and to evaluate the robustness of the respective scenarios. The use of pairwise comparison to derive criterion weights enables expert opinion and/or stakeholder's perception to form input to the modelling of cumulative impacts, and provides a means of comparison and evaluation of diverse views.
The UK recently stated its proposals to deliver a new marine planning system (Defra 2008 ). This will allow the development of marine plans enhancing protection of the seas while balancing pressures on the marine environment (Defra 2008 ). An effective marine planning system requires a number of steps, such as goal and objective setting, data collection, analysis and generation of spatial options, and development and evaluation of the marine spatial plan, followed by implementation of the plan (see Gilliland & Laffoley 2008) . Crucial to the integrated analysis phase is the quantification of cumulative impacts. Our framework can be used to conduct such an assessment, which leads to the question of how our framework could be put into effect for UK regional planning.
In principle, the framework can be applied for 2 types of planning scenarios: (1) there are no activities licensed within an area and a planner wants to assess the risk of cumulative impacts when licensing new activities, and (2) there are already activities licensed within the planning area and a planner needs to find a suitable site to licence a new activity. Based on the assumption that the first impact by a pressure causes the greatest mortality and with each subsequent impact only the remaining biota is affected, our scenario with equally weighted pressures can be used to assess the first planning option (1). Moreover, based on this assumption, the sensitivity score for each marine landscape would need to be adjusted for each additional pressure (planning scenario 2). Hence, as already discussed, such a relationship between sensitivity score and number of pressures/pressure types could only be established by experimental studies. As this information is lacking, a practical solution to find a suitable site to licence a new activity is the application of our framework Scenarios 2 or 3, using pressure category × weight combinations reflecting the importance of the pressures. One way of dealing with uncertainty with regard to pressure category × weight combinations would be the development of weighting schemes based on stakeholder consultations. At the same time, a planning cycle should allow for a rapid adaptation of spatial management decisions in case new knowledge on sensitivity and in-combination effects of human pressures becomes available.
Our framework is based on the assessment of impacts of generic pressures on ecosystem components developed and applied by OSPAR (Convention for the Protection of the Marine Environment of the North-East Atlantic) and also distinguished in the MSFD (EU 2008) . Other studies dealing with the assessment of impacts of human activities (e.g. Ban & Alder 2008 , Halpern et al. 2008a ) focus on the activities themselves rather than on generic pressures exerted by those activities. Thus, depending on the type of risk the user is interested in, our framework could also be modified to focus on multiple activities rather than on multiple pressures by omitting the first step. In this case, the sensitivity measure included in the framework would need to reflect the sensitivity to a certain activity as opposed to sensitivity to a pressure. Such a simplification of the framework might be suitable for local applications where comprehensive data on footprints and intensities of activities and the respective measures of sensitivities are available. In contrast, our more generic approach, using pressures rather than activities, allows a generic assessment and comparison between different spatial locations independent of the type of activities occurring in those areas.
In summary, uncertainty exists across many components of our modelling framework, including data quality, model design and/or parameters used. Nevertheless, management decisions must be made, even in the context of incomplete knowledge (Kerns & Ager 2007) . The computation of different scenarios of risk of cumulative impacts based on the users' assumptions also facilities a stakeholder engagement as different outcomes and their consequences can be discussed. Thus, different stakeholder views can be translated into respective risk assessment scenarios. We conclude that our spatially explicit, standardised and repeatable approach to quantifying risk of cumulative impact is a practical tool that can support the development of sustainable marine plans. 
